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A PROGRESS  REPORT  IN  SHALLOW  WATER  RESEARCH 


INTRODUCTION 


This  is  an  introduction  to  the  short  note  of  Drs.  Levin  and 
Brown  on  preliminary  results  of  some  refraction  shooting  work 
performed  at  Panama  City,  and  for  the  note  of  Dr-  Tolstoy  on  CW 
propagation  near  the  Virgin  Islands.  Complete  reports  on  the  work 
will  be  issued  later  but  those  special  parte  of  the  experiments 
which  are  purely  exploratory  are  reported  early  because  of  their 
importance  to  the  programming  of  research  in  the  shallow  water 
field. 

The  essence  of  the  ideas  Involved  are  discussed  in  a special 
report^-  prepared  by  the  Hudson  Laboratories  last  November.  In 
that  report,  the  general  status  of  the  situation  concerning  the 
shallow  water  program  was  reviewed.  It  was  suggested  that  new 
approaches  to  the  problem  were  desirable  and  two  such  approaches 
were  outlined.  This  report  is,  in  essence,  a progress  report  on 
these  ideas  as  of  this  time.  The  remainder  of  this  Introduction 
treats  these  subjects  in  each  of  two  separate  paragraphs. 


I.  Well  Hydrophones 


Detailed  studies  of  the  theory  involved  in  the  propagation 
of  low  frequency  (1-250  seo-1)  sound  in  shallow  water  show  that 
the  underlying  geology  plays  a prominent  part  in  the  transmission 
of  this  sound.  If  the  bottom  consists  of  two  or  more  well  defined 
horizontal  layers,  it  ie  conceivable  that  reception  can  be  ade- 
quate in  a deep  well  reaching  through  these  layers  even  though 
the  source  is  in  the  water.  The  essence  of  Brown' 6 and  Levin's 
results  is  that  acoustic  reception  in  u deep  well  on  shore  is 
about  the  same  as  for  a hydrophone  in  the  water  at  the  same  dis- 
tance from  the  source.  The  distances  Involved  in  this  preliminary 
experiment  were  of  the  order  of  two  to  three  miles.  Applying  ex- 
traordinary optimism  to  the  situation,  one  oould  predict  that  a 
series  of  40  wells  on  Fire  Island  spaced  approximately  25  feet 
apart  in  a straight  line,  the  norraa^  to  which  faces  se aw ard, would 
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^"Approaches  to  Studies  of  Shallow  Water  Sound  Propagation, 
by  I.  Tolstoy,  F.  K.  Levin,  R.  A.  Frosch,  and  W.  A. 
Nlerenberg.  Columbia  University,  Hudson  Laboratories, 
Miscellaneous  Report.  December  10,  1953. 


This  Report  did  not  receive  wide  circulation  and  is  t|Are- 
fore  appended  to  this  Progress  Report  for  convenien^V 
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give  long  ranges  of  shallow  water  detection.  The  output  of  the 
hydrophones  in  these  wells  would  he  fed  into  a delay  line  Lofar 
system  similar  to' the  Caesar  system.  In  addition,  since  the 
wells  could  he  1000  ft  deep,  there  may  he  room  for  40  hydro- 
phones on  a string  in  each  well,  giving  an  additional  factor  of 
40  in  signal-to-nolse.  A suggested  sequential  program  is  the 
following: 

1.  Drill  one  well  on  Fire  Island. 

2.  Measure  the  absolute  intensity  of  received  GW  (say  30  ^ ) 

sound  and  explosive  shots  as  a function  of  depth  in  the  well 
for  the  closest  poselhle  distance. 

3.  Repeat  as  a function  of  range,  to  estimate  the  absorp- 
tion. 

4.  Measure  the  relative  phase  of  the  received  CW  as  a func- 
tion of  depth  for  the  vertical  array. 


5.  Drill  a second  well  1000  ft  from  the  first  on  a line 
parallel  to  the  shore. 

6.  Repeat  all  the  earlier  experiments  with  the  second  well. 

7.  Combine  the  output  of  the  two  to  give  a Corsair  type 
test,  i.e.,  "white  light"  fringes  to  check  the  coherency 
of  the  signal. 

8.  Fill  in  with  38  additional  wells  and  check  the  signal- 
to-nolse  and  signal  vs  range. 

The  advantages  of  such  a system  are  obvious  but  are  listed 
here  anyway: 

1.  Eliminates  the  need  for  expensive  armored  cable. 

2.  Offers  tremendous  advantages  in  simplicity  of  design 
and  maintenance. 

3.  It  is  invulnerable  to  attack  by  sneak  submarines. 

The  proposed  scheme  may  never  be  fully  realized  for  any  one 
or  more  of  the  following  reasons  as  yet  not  understood: 
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2.  The  phase  distribution  in  the  vertical  may  be  too  com- 
plex for  compensation. 

3.  The  ambient  noise  may  be  too  high. 

4.  In  general,  the  geologic  beds  are  not  horizontal  nor 
uniform.  They  often  appear  as  wedges  opening  seaward.  The 
present  theory  gives  no  clue  as  to  the  effect  of  this  ge- 
ometry. 

It  should  be  emphasized  that  even  if  such  a system  should 
have  some  degree  of  success  in  one  area,  it  may  not  in  another 
for  the  reasons  enumerated. 


II.  Frequency  Peaking 


Another  prediction  of  the  theory  in  the  low  frequency  re- 
gion was  the  theorem  that  for  CW  propagation  the  acoustic  exci- 
tation would  vary  approximately  as  the  reciprocal  of  the  group 
velocity  for  constant  energy  input.  Since  euch  a minimum  gen- 
erally does  exist, this  would  imply  a certain  optimum  frequency 
for  low  frequency  acoustic  mine  sweeping. 

The  effect  was  looked  for  in  experiments  off  the  Virgin 
Isles  and  was  demonstrated  to  exist.  Dr.  Tolstoy's  prelimin- 
ary report  is  included.  The  effect  can  be  predicted  with  the 
knowledge  of  the  velocities  and  densities  of  the  underlying 
beds.  However,  since  the  Airy  phase  arrival  is  at  essentially 
the  same  frequency,  it  would  seem  that  a single  shot  Judicious- 
ly disposed  and  analyzed  would  give  some  of  the  salient  infor- 
mation required.  This  would  reduce  enormously  the  present  pro- 
gram of  harbor  surveys  with  regard  to  low  frequency  sound  trans- 
mission. 9uch  a method  would  also  be  the  only  feasible  one  for 
"quick"  surveys  of  harbors  that  political  expediency  would  other- 
wise prevent. 


WAN : f pr 


W.  A.  Nlerenberg 
Director 
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SOUND  DETECTION  IN  A WELL 
by 

F.  K.  Levin  and  M,  V.  Brown 


Introduction 


Sound  from  chargee  detonated  offehore  was  detected  with  a 
hydrophone  In  a well  at  Panama  City,  Florida,  during  the  last 
two  weeks  o-p  May,  1S54.  The  Investigation  was  Incidental  to  the 
shooting  of  a reversed  refraction  profile  in  St.  Andrew  Bay  and 
was  conducted  Jointly  by  Hudson  Laboratories  and  the  U.  S..  Navy 
Mine  Countermeasures  Station.  Although  analysis  of  all  data  has 
not  been  completed,  the  preliminary  results  are  considered  worth 
reporting. 

Fresh  water  for  the  Mine  Countermeasures  Station  Is  supplied 
by  two  600  foot  wells.1  Each  well  is  14  inches  In  diameter  and 
has  200  feet  of  12  inch  casing.  Samples  taken  during  drilling  of 
one  of  the  wells  gave  the  following  geologic  column: 


0-40  feet 
40  - eo  " 

80  - 210  " 
210  - 600  " 


Sand 

Loose  Shell 
Compressed  Shell 
Coral  Rock 


On  May  19,  1954,  one  pump  Impeller  was  pulled  and  a hydro- 
phone lowered  Into  the  well.  At  that  time  the  water  level  stood 
at  39  feet  below  the  surface.  Reversed  profiles  with  charges  and 
hydrophone  on  the  bottom  were  shot  in  St.  Andrew  Bay  on  May  20, 

21  and  25,  1954.  The  shots  were  heard  clearly  on  the  well  hydro- 
phone and  some  of  them  were  recorded  on  a six  channel  Brush  os- 
cillograph and  on  an  Ampex  magnetic  tape  reoorder.  The  noise  lev 
el  In  the  well  was  high  but  during  one  particularly  quiet  period, 
an  electrioal  cap  detonated  in  the  Bay  more  than  three  miles  from 
the  well  was  detected  in  the  well.  On  May  26,  1954,  Hudson  Labor 
torles'  twelve  channel  alE  oscillograph  and  associated  equipment 
used  in  the  refraction  work  was  brought  to  the  veil  site  and  on 


information  in  this  paragraph  was  furnished  by  Mr.  J.  W. 
Fairall  of  the  U. S.  Navy  Mine  Countermeasures  Statwfil  in 

. 4 4-  A 4-  ~ V 


a private  communication  to  the  authors. 
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the  following  day  records  were  taken  with  the  hydrophone  at  60, 
150,  300,  and  500  feet.  Shot  positions  in  St.  Andrew  Bay  were 
1.5,  1.8,  2.5,  and  3.2  miles  from  the  well.  The  shots  were  re- 
corded simultaneously  by  Countermeasures  Station  scientists  on 
Brush  and  Arapex  units.  Figure  1 shows  the  location  of  the  well 
and  of  the  two  recording  positions  for  the  refraction  profiles. 


Results 


The  well  records  of  May  27  were  compared  with  refraction 
records  taken  on  May  21  and  25,  1954.  All  records  had  three 
traces  set  at  different  gains  which  were  fed  through  a low-pass 
filter.  This  filter  nominally  passed  60  cps  down  hut  the  ac- 
tual 0.9  point  was  closer  to  30  cps.  Amplitudes  of  outstanding 
events  were  measured  on  the  well  records  and  on  refraction  re- 
cords for  the  same  source-detector  separation  (Figs.  2-5).  The 
pressure  level  in  dynes/cm2  equivalent  to  one  volt  was  furnished 
by  the  Mine  Countermeasures  Station  from  Arapex  data.  Amplitudes 
were  reduced  to  those  from  one  pount  of  TNT  with  the  usual  pres- 
sure (P<<  W 1/3)  law.  Since  the  sensitivities  of  the  3IE  gal- 
vanometers were  unknown,  amplitudes  were  compared  with  an  arbi- 
trary standard.  Table  I presents  the  pertinent  results.  Figure 
6 shows  the  same  data  in  graphical  form. 


Figures  2-5  are  tracings  from  the  3IE  oscillograph  records. 
These  selected  channels  were  measured  in  setting  up  Table  I.  The 
top  three  traces  were  recorded  on  May  21  at  the  point  designated 
YR  in  Fig.  1.  "Radioed  Shot"  represents  the  explosion  as  received 
at  the  firing  ship  and  radioed  to  YR.  "YR  Water  Arrival"  is  the 
high  frequency  water-borne  impulse  received  by  a bottomed  hydro- 
phone at  YR,  the  charge  being  fired  in  the  bay  on  a line  Joining 
YR  and  Barge  and  at  a distance  equal  to  the  separation  of  Well  and 
YR  in  Fig.  2.  "YR  Ground  Arrival"  is  the  earth-borne  signal  in 
the  30  cycle  low-pass  band  as  received  at  YR.  The  "YR  to  Well" 
traces  correspond  to  explosions  at  YR  received  at  the  well  at  60, 
150,  300,  and  500  ft  depths.  A similar  procedure  wae  followed  for 
firing  points  designated  at  C7,  N6,  and  C5. 


p 

Well  traces  from  a 15-40  cps  band-pass  filter  looked 
"cleaner"  than  those  from  the  low-pass  filter,  but  the 
15-40  cps  unit  was  not  used  in  the  refraction  program. 
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An  examination  of  Table  I leo.de  to  the-  following  conclusions: 

(1)  Within  the  rather  large  experimental  scatter,  amplitudes 
of  sound  detected  at  all  depths  in  the  well  are  the  same 
as  those  detected  with  a bottomed  hydrophone  at  corres- 
ponding source-detector  separations  in  the  water. 

(2)  All  measured  events  have  about  the  same  peak-to-peak 

period  ( 0.035  sec). 

Several  apparent  velocities  were  found  for  events  recorded  in 
the  well.  (Table  II)  Time  "picks"  for  velocity  determinations 
were  made  mostly  on  later  arrivals  and,  hence,  are  uncertain. 


TABLE  II 


Depth  of  Hydrophone  Velocities  in  ft/sec 


60 

feet 

6250, 

7600 

150 

it 

5700 

300 

w 

6800, 

8850 

500 

n 

7200, 

8850 

Too  much  weight  should  not  be  assigned  these  values  since  the 
shot  points  were  widely  separated. 

Preliminary  analysis  of  the  refraction  data  gave  a subbot- 
tom consisting  of  100  ft  of  5300  ft/eec  material,  200  ft  of  6100 
ft/sec  material,  a 500  ft  layer  with  a velocity  of  7300  ft/sec 
and  a thick  bed  w'lth  a velocity  of  8800  ft/sec. 

The  noise  level  in  the  well  \ as  much  higher  than  that  found 
in  9t.  Andrew  Bay.  Part  of  the  noise  was  60  cps  electrical  pick- 
up due  to  ground  loops  and  aggravated  by  rain  dripping  through 
the  well  house  roof  onto  the  equipment.  The  greatest  part  of  the 
noise  seemed  to  be  mechanical  and  was  traced  to  nearby  machinery. 
When  the  machinery  was  shut  down,  the  noise  level  dropped.  The 
noise  level  decreased  markedly  with  increasing  hydrophone  depth 
(Figs.  2 - 5) . 


ft  i 


CHARGE  FIRED  AT  YR 


CHARGE 


TIME  IN  SECONDS 


9N  IV  03d  u dt)dvH0 


CHARGE  FIRED  AT  C5 
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RESPONSE  PEAKING  IN  SHALLOW  WATER  TRANSMISSION 

by 

I.  Tolstoy 


The  prediction  of  a peak  CW  response  for  frequencies  close 
to  the  Airy  frequency  was  verified  by  CW  experiments  In  St. Thomas, 
V.I.,  conducted  at  the  beginning  of  February,  1954.  This  result 
Is  Illustrated  by  the  following  comparisons  of  preesure  levels 
for  different  frequencies  along  neighboring  tracks: 

a)  A plot  on  log-log  paper  of  the  pressure  vs  range  curves. 
(Fig.  1). 

b)  Pressure  levels  for  different  frequencies  at  1250,  1000, 
and  750  yards  from  the  source  were  averaged  to  eliminate 
local  effects  Insofar  as  possible  (Fig.  2) . 


Figure  2 shows  a pronounced  peak  at  about  25  cps,  which  Is 
effectively  very  close  to  the  Airy  phase  frequency  as  determined 
from  shot  data  ( ^ 21  cps).  This  Is  the  predicted  resonance  ef- 
fect. However,  the  phenomenon  appears  to  be  considerably  sharper 
than  that  predicted  on  the  basis  of  any  reasonable  theoretical 
model.  The  cause  for  this  sharpening  Is  unknown  at  present.  It 
could  be  due  to  a combination  of  topographic  and  structural  effect 


Figure  1 shows  that  had  we  used  some  process  of  averaging 
which  would  Include  the  whole  run  from,  say,  100  to  1500  yards, 
the  peak  shown  by  Fig.  2 could  have  been  flattened. 

Both  refraction  and  submarine  topography  surveys  In  this  lo- 
cation showed  the  bottom  to  be  far  from  ideal  for  the  purposes  of 
our  experiment.  Marked  local  departures  from  predictions  based 
upon  any  crude  average  picture  deduced  from  refraction  data  are 
therefore  to  be  expected. 
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INTRODUCTION 


The  enclosed  memoranda  form  a series  of  oommenta  by  members 
of  the  Hudson  Laboratories  with  regard  to  possible  directions  of 
research  In  shallow  water  sound  propagation  In  those  areas  where 
ray  tracing  is  either  too  oumbersome  or  negleots  wave  effects  to 
an  extreme*  These  memoranda  have  been  assembled  for  convenience 
A cursory  examination  of  the  problem  reveals  It  to  be  not 
one  of  equipments,  but  situations*  The  maximum  use  of  given 
equipment  will  vary  widely  from  site  to  site,  perhaps  to  the 
extent  that  widely  different  frequency  bands  must  be  utilized 
both  for  passive  and  active  listening. 

From  this  viewpoint,  these  memoranda  achieve  three  results. 
They  suggest  definitive  experimental  procedures  which  limit  the 
research  to  amassing  the  data  that  will  be  necessary  for  defense 
They  suggest  definite  experimental  procedures  that  are  required 
for  ths  identification  of  acoustically  similar  areas*  Finally, 
tney  suggest  several  new  approaches  to  the  problem  of  shallow 
water  listening  and  active  ranging  that  derive  from  the  theory. 

As  examples  of  the  value  of  these  memoranda,  we  would  like 
to  employ  this  space  to  re-emphasize  two  of  the  new  approaches* 
In  a situation  where  the  water  is  underlaid  by  parallel  layers 
of  increasing  velocity  sediments  and  rock,  the  theory  is  suf- 
fioiently  good  to  estimate  the  variation  of  the  group  veloci- 
ties with  frequency*  Sinoe  the  C.W.  excitation  for  constant 
energy  input  varies  inversely  as  the  group  velooity,  we  eraieot 
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a maxlnlWOdkoltatlon  for  a minimum  of  the  group  velocity  curve 
of  any  mode,  and  vice  versa.  These  maxima  can  In  themselves  be 
useful  and  they  also  Indicate  the  distortion.  that  would  be  pres- 
ent In  a given  speotrum.  In  the  same  situation  we  may  find  that 
a cut-off  frequency  for  a given  depth  of  water  may  not  be  cut-off 
when  an  Intermediate  rock  layer  Is  considered.  Consequently,  a 
listening  device  In  a narrow  bore  reaching  to  the  center  of  this 
layer  may  give  enhanced  reception. 

The  contents  of  these  memoranda  were  discussed  by  their 
authors  before  an  Interested  group  In  the  Department  of  the  Navy 
on  November  35,  1953. 
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CONFIDENTIAL  ^ COLUMBIA  UNIVERSITY  #13 

Vpiterdepartment  Memorandum 

Date:  October  19,  1953 

To:  ' Dr.  W.  A.  Nlerenborg 

From:  Dr.  Ivan  Tolstoy 

Subject:  Sound  Propagation,  Shallow  Water  Locations 


The  following  are  a few  suggestions  for  remedying  the 
largest  and  most  obvious  gape  In  our  knowledge  concerning 
sound  propagation  In  strategic  shallow  water  locations  (such 
as  the  vloinlty  and  interior  of  harbors). 

C.W.  work  was  oarrled  out  In  the  vloinlty  of  Ambrose 
Light  In  conjunction  with  a refraction  profile.  The  results 
obtained  were  in  rough  agreement  with  Pekerls'  shallow  water 
theory.  In  other  words,  It  Is  plausible  to  assume  that  in 
order  to  understand  low  frequency  sound  propagation  In  tbs 
case  of  approximately  smooth  and  horizontal  bottom  structure, 
what  will  mostly  be  required  will  be  some  additional  numer- 
ical and  theoretical  work  along  similar  lines.  However,  the 
Ambrose  Llgtt experiments  represent  the  only  C.W.  work  that 
has  been  oarrled  out  suooessfully  In  conjunction  with  a knowl- 
edge of  bottom  structure. 

Present  day  knowledge  of  bottom  structure  in  shallow  wa- 
ter is  Insufficient  to  enable  us  even  to  olassify  by  type  the 
major  harbor  areas  of  the  world,  let  alone  to  predict  the 
properties  of  low  frequency  sound  propagation  In  these  areas. 

A very  rough  classification  by  bottom  type  Is  perhaps 
possible  for  a few  locations,  mostly  along  the  East  Coast  of 
the  United  States.  Even  in  those  places  (Boston,  Portsmouth, 
the  entrances  to  the  Delaware  and  Chesapeake  Bays),  It  will 
be  necessary  to  carry  out  refraction  measurements  at  eaoh  C.W. 
location  before  interpretation  of  sdoh  work  can  be  made  with 
assurance.  The  data  for  these  areas  are  due  primarily  to 
staff  members, present  and  past,  of  what  Is  today  the  Lamont 
Geological  Observatory.  By  means  of  some  rather  gross  ex- 
trapolation and  interpolation  of  their  results,  we  have  ar- 
rived at  the  following  picture  of  some  shallow  water  types 
in  areas  of  interest: 


Newfoundland  Coast,  iouth  of  Placentia  Bay  - Unconsolidated 
sediments  are  thlti  ( 500  ft  thiok,  velocity  5300  ft/seo).  They 
overlie  a 6000  ft  layer  of  14,600  ft/sec  rook. 
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Port smouth.  Maine  - Sediments  very  thin  (a  few  hundred  feet  at 
most)  perhaps  absent.  "Basement"  velocity  17-18,000  ft/see. 

Boston.  Massaohusett8  - Similar  to  Portsmouth.  (Interpolated 
between  Woods  Hole  and  Gulf  of  Maine  data. ) Peculiar  bottom 
topography  features  (deep  holes  of  over  200  ft  depth). 

New  York  area  - Good  data  at  Ambrose  Light.  Oliver  and  Drake1 a 
profiles  south  of  Block  Island  and  Shlnneoock  are  very  similar. 
Indicating  a reasonable  degree  of  predictability  of  bottom  con- 
ditions In  this  general  area.  It  appears  that  there  Is  a lay- 
er of  5600-6900  ft/sec  "unconsolidated"  sediment  (400-750  ft 
thick)  over  a 6400-6900  ft/seo  sediment  (1000-2000  ft  thlok) 
over  a basement  of  about  19,000  ft/seo  velocity. 

Delaware  entranoe  - The  Cape  May  profiles  give  a 5500  ft/ssc 
layer  (2000  ft  thick)  overlying  very  thlok  sediments  of  10,80Q 
ft/seo  velooity.  It  Is  possible  that  a more  detailed  profile 
would  show  layering  In  the  5600  ft/seo  layer.  In  other  words, 
the  velooity  c:  )ss-sectlon  of  the  upper  2000  ft  is  not  neces- 
sarily too  different  from  that  of  the  New  York  area. 

Chesapeake  Bay  - The  Cape  Henry  profiles  show  a layering  near 
the  entrance  to  the  Bay  analogous  to  the  New  York  area:  a lay- 

er of  5550  ft/seo  (1600  ft  thlok)  over  a 7350  ft/seo  sediment 
(1300  ft  thick)  over  a 17,500  ft/seo  basement.  The  Solomons 
shoal  and  deep  stations  within  the  Bay  yielded  different  results: 
the  shoal  ctation  give  s 3000  if u Ox  5900  ft/seo  over  15,200  ft/ sec 
basement  (In  52  ft  of  water)  whereas  the  deep  station  gives  1000 
ft  of  6080  ft/sec  over  1800  ft  of  6980  ft/seo  over  a 18,000  ft/ 
sec  basement  (in  110  ft  of  water).  These  two  profiles  were  not 
reversed  so  that  there  is  considerable  room  for  interpretation 
of  the  data. 

West  Indies  - Lines  suggest  that  here  too  the  shallow  water  sed- 
iments consist  of  a 5600  ft/seo  layer  over  thick  high  velooity 
sediment 8. 


Recife.  Brazil  - Offshore  from  Recife  unpublished  Lamont  Geo- 
logical  Observatory  data  indio&te  in  50  ft  of  water,  5000  ft  of 
roughly  11,000  ft/seo  coral  limestone  overlying  19-20,000  ft/seo 
basement.  There  appear  to  be  almost  no  unconsolidated  sediments. 


Dakar.  A.O.F.  - Unpublished  Lamont  data  Indio ate  a very  great 
thickness  or  "unconsolidated  sediments  (more  than  4500  ft  thlok), 
the  velooity  of  which  varies  apparently  from  normal  (5600  ft/ 
sec)  to  less  than  the  speed  of  sound  In  water. 


Bermuda  - High  velooity  rough  ooral  limestone  bottom  ( > 13,000 
ft/seo)  with  practically  no  sedimentary  cover.  ^ 
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This  orief  and  Incomplete  summary  of  existing  data  shows 
that  a Ci V.  survey  will  have  to  be  oarrled  out  In  conjunction 
with  a refraction  profile  and  a fathometer  survey  for  each  lo- 
cation. Furthermore,  it  Is  not  possible  t cd sy  t o conolude  any- 
thing about  shallow  water  propagation  In  any  area3  in  whioh 
actual  experiments  have  not  been  oarrled  out.  The  first  steps 
towards  an  overall  understanding  of  shallow  water  sound  condi- 
tions the  world  over  may  be  conceived  as  follows:  starting  with 

approximately  smooth  and  horizontal  bottom  conditions  - 


a)  Investigate  the  locations  that  appear  roughly  similar 
to  us  today:  the  New  York  area,  and  the  entrance  to  the 

Chesapeake  and  Delaware  Bays,  and  ascertain  whether  or  not 
the  relatively  small  differences  In  type  have  Important 
effects  upon  l.f.  sound  propagation.  Naturally,  such  dif- 
ferences will  have  to  be  correlated  with  the  theory  before 
we  would  feel  oonfident  in  making  foreoasts  for  unexplored 
areas  of  similar  u/pe. 


b)  Investigate  locations  that  we  know  to  be  of  radioally 
different  type  from  the  above,  suoh  as  Portsmouth  and  Bos- 
ton Harbor  areas.  Here  the  sediment  is  very  thin  and  per- 
haps non-existent  in  many  places,  bo  that  solid  bottom 
theory  will  have  to  be  used.  As  for  rough  bottoms,  they 
will  often  be  rocky  - Bermuda  is  an  example  (St.  George's 
and  Hamilton  Harbors  arid  the  narrow  shallow  water  shelf). 
Sloping  bottom  studies  ehould.  of  course,  be  oarrled  out 
In  locations  where  the  velocity  sections  are  known. 


Suoh  C.  W.  experiments  must,  of  course,  be  paralleled  by 


the  compilation  of  all  available  geologloal  and  topographioal 
data.  Information  about  velocity  cross- seotions  in  shallow  var- 


ter  seems  to  be  very  sparse.  It  is  needless  to  stress  the  orit- 
ioal  and  unique  importanoe  of  obtaining  this  data.  The  nsoessity 
of  doing  considerable  refraoticn  work  la  and  near  areas  of  strar- 
tegio  Interest  is  therefore  obvious.  With  any  kind  of  launoh- 


snip  combination  a reversed  refraction  profile  osr.  bs  success- 
fully completed  in  one  day.  It  is  therefore  feasible  to  obtain 
velocity  cross-section  sampling  at  a rather  goodly  rate.  Even 


velocity  cross-section  sampling  at  a rather  goodly  rate.  Even 
the  acquisition  of  twenty  or  thirty  cross-sections  in  various 
areas  around  the  world  would  be  a great  help.  The  existenoe  of 
such  data  Is  a sine— qua— non  for  the  success  of  any  comprehensive 
c.w.  program.  It  appears, therefore,  that  a shallow  water  re- 
fraction profile  program  should  be  set  up  as  a separate  unit  to 
complement  the  C.  W.  research. 


The  question  naturally  arises  as  to  whether  tthis  program 
Is  to  be  limited  to  short  profiles  whioh  would  Just  give  us  the 
detail  of  the  upper  few  Km  or  to  longer  ones  giving  us  the  whole 
oross-section  up'  to,  say,  20  Km.  The  arguments  in  favor  of  long 
profiles  are: 
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a)  The  deep  "refracted  waves”  may  he,  In  many  cases,  of  con- 
siderable practical  interest,  since  they  represent  the  first 
arrival  at  large  distances. 


b)  The  amount  of  additional  time  required  to  lengthen  a 
profile  is  negligible  compared  to  the  time  and  labor  in- 
volved in  all  the  operations  attendant  upon  setting  up  suoh 
an  experiment,  as  for  example,  assembling  equipment,  per- 
sonnel, vessels,  and  bringing  them  to  a given  location.  I, 
therefore,  feel  that  this  course  is  to  be  reoommended,  pro- 
viding that  the  close-in  shots  be  not  neglected  in  favor  of 
the  distant  ones. 

When  sufficient  confidence  in  our  interpretation  of  C.  W. 
work  will  have  been  achieved,  it  is  reasonable  to  expect  that 
given  the  velocity  cross-section  in  a-given  area  (or  a good 
guess  for  it)  it  will  be  possible  to  forecast  the  shallow  water 
sound  conditions  with  a good  measure  of  success. 
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To:  Dr.  W.A.  Nierenberg 

Prom:  Dr.  Ivan  Tolstoy 

Subject:  Shallow  Water  Program 


Thle  gives  an  outline  of  some  Ideas  concerning  the  shallow  wa- 
ter program.  It  will  be  noted  that  the  last  two  Items  mentioned 
are  also  applicable  to  deep-water  work. 

The  suggestions  made  here  are,  broadly  speaking,  of  three 
types: 

A.  Those  dealing  with  experiments  that  oan  be  usefully  per- 
formed at  the  present  time  without  preliminary  numerical 
or  theoretioal  work. 

B.  Those  pertaining  to  experiments,  the  exaot  specification 
and  usefulness  of  which  will  depend  upon  the  availability 
«^f  numerical  data,  which  although  not  neoessarlly  avail- 
able today  can  be  readily  obtained  from  extant  theory. 

C.  Those  pertaining  to  experiments,  the  specification  of 
which  is  contingent  upon  the  conclusion  of  theoretioal 
work  now  in  progress. 

Under  (A)  we  would  have  the  continuation  and  expansion  of  the 
C.W.  work,  in  the  fashion  desorlbed  in  Memorandum  #13.  In  other- 
words,  C.  W.  work  may  be  usefully  produced  in  conjunction  with  re- 
fraction profiles  and  fathometer  surveys  in  order  to  determine  em- 
pirically the  effect  of  bottom  geology  upon  low  frcquenoy  sound 
propagation. 

Under  heading  (B)  would  oom>  : 


1.  Establishing  a correlation  between  the  experimental  re- 
sults of  the  aforementioned  C.W.  work  and  the  Pekeris 
"shallow  water  theory H whenever  possible*  This  would  in- 
volve numerical  calculations  based  upon  Pekeris*  or-  sim- 
ilar formulae  and  applied  tc  the  bottom  structure  as  de- 
termined by  the  refraction  profiles. 


2.  This  last  suggestion  could  be  considered  as  a step  towards, 
or  as  an  integral  part  of,  a more  general  numerical  pro- 
gram involving  the  tabulation  of  some  of  the  theoretically 
simpler  features  of  shallow  water  theory.  Examj^s  of 
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these  are  the  dispersion  ourves  for  ths  normal  modes 
and  the  distribution  of  maxima  and  minima  of  functions 
of  the  type  H0  ( ) determining  the  normal  mode  am- 

plitudes as  a function  of  range  (k„  Is  the  wave  number 
of  the  nth  mode,  r the  horizontal  radial  distance  from 
the  source). 

3.  A consequence  of  this  numerical  study  would  be  to  pre- 
dict the  frequencies  associated  with  stationary  values 
of  the  group  velocity  In  a given  location.  The  theory 
of  undamped  normal  mode  propagation  predicts  that  trans- 
mission would  be  most  efficient  for  these  frequencies. 

It  Is  Important  to  determine  whether  this  fact  can  be 
exploited  for  ChW.  transmission. 

4.  It  is  quite  oertain  that  solid  bottom  theory  will  have 
to  be  used  In  locations  for  which  the  sedimentary  cover 
Is  thin  or  negligible  (Portsmouth,  Boston  Harbor,  Ber- 
muda, are  possible  examples  of  this). 

Under  (C)  we  would  include} 

1.  Determination  of  frequencies  of  minimum  reverberation 
and  most  effloient  transmission  of  high  frequency  sound, 
both  In  stratified  media  and  In  media  with  continuous 
velocity  and  density  gradients. 

2.  Determination  of  the  dispersive  properties  of  normal 
nodes  in  media  involving  many  layers,  with  or  without 
continuous  gradations  of  properties*’  As  ah  example, 
this  would  Include  the  determination  of  the  normal 
modes  of  the  Sofar  ohannel. 


These  are  Just  two  possibilities  that  have  suggested  them- 
selves to  us  under  heading  (C)  as  consequences  of  a theory  of 
sound  propagation  in  inhomogeneous  media  that  will  be  put  into 
usable  form  during  the  next  two  months,  and  are  contingent  upon 
the  feasibility  of  a moderately  large  computing  program  baaed 
upon  it. 
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THE  USE  OF  MODELS  IN  SHALLOP/  miER  SOUND  PROPAGATION  STUDIES 

By 

, F.  K*  Levin 

The  phenomena  involved  in  low  frequency  aound  propagation  through 
shallow  water  are  inherently  quite  complex*  It  has  been  found  experi- 
mentally at  two  looations  that  the  aound  amplitude  from  a single  frequency 
aouroe  goea  through  numerous  maxima  and  minima  with  increasing  aouroe- 
deteotor  separation*  Explanations  of  the  sound  intensity  patterns  have 
been  sought  in  the  n normal  -mode n theory  of  Pe  k eria  and  others*  in  general, 
the  agreement  between  theore tioally  predicted  ana  experimentally  measured 
results  haa  been  very  satisfactory. 

On  the  basis  of  the  experimental  work  done  thue  far,  it  is  felt  that 
the  normal— mode  theory  can  predict  aouad  propagation  expected  in  the  shallow 
water  at  a given  place  if  the  physical  properties  of  the  water  and  bottom,  are 
lacown^aad  if,  the  bottom  and  subbottom  consist  of  few  relatively  thick,  flat 

layers*  In  its  present  form,  the  theory  can  hundle  several  liquid  layers 

\ 1 

over  a flat,  solid  layer*  many  locations  of  interest  to  the  Navy  can  be 
represented  very  well  by  a seotion  of  this  type*  There  are,  however,  other 
areata  which  oannot  be  desoribed  simply  as  water  over  a flat.  Infinitely 
thi«?k  solid  bed*  Either  tho  bottom  slopes  or  there  are  several  underlying 


beds  or  both*  To  predict  the  sound  amplitude— diatanoe  behavior  for  such 
areas  requires  a mathematical  oomputer*  A particularly  simple  oomputer  is 
an  analogue  computer  or  model* 

An  analogue  ocsnputer  (model)  solves  problems  of  thin  type  by 
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representing  on  a reduced  raale  sound  propagating  In  the  water  and  bottom. 

A convenient  scale  iff  a thousand  foot  of  aotual  water  and  bottom  to  one 
foot  of  models  100 1 of  w»t er  booties  1.2"  in  the  model  and  e distance  of 
1000  yds.  on  location  corresponds  to  1 yd.  in  the  model.  If  the  liquid  ana 
solids  used  in  the  model  have  the  same  velocities  (and  densities)  as  those 
encountered  at  the  location  of  intorest,  reducing  the  dimensions  by  a 
factor  of  a thousend  requires  increasing  the  frequencies  by  the  same  factor 
if  the  wave  length  to  water  thickness  ratio  is  to  remain  unchanged.  Field 
frequencies  of  10  to  1000  oyoles/sec.  beooms  model  frequencies  of  10  to 
1000  kilocyoles/seo.  values  extending  well  into  the  ultrasonic  range. 
Techniques  and  equipment  useful  in  this  range  are  well  developed,  since 
ultrasonic  models  are  in  operation  at  several  petroleum  companies1  labor a- 
tories  and  at  universities.  As  a rough  estimate,  equipment  required  to 
generate  and  detect  ultrasonic  waves  would  cos w less  than  $&0Q0,  exclusive 
of  manpower  — which  should  not  represent  more  than  an  additional  $1000  — > > 
to  build  special  component®*  Tho  model  itself  would  be  inexpensive,  for 
the  logical  materials  are  oement  and  T*xter  or  oil.  Thus  for  a oost 
estimated  generously  as  $3  0,000,  an  analogue  computer  capable  of  pre- 
dicting the  shallow  water  sound  propagation  in  situations  too  ooinplex  for 
computation  oould  be  put  into  operation. 


It  is  reasonable  to  ask  if  tho  results  from  a model  would  be  the  same 
as  those  produced  by  a solution  of  Idle  corresponding  mathematical  equations. 
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Fortunately,  there  are  available  now  reports  of  t^ro  experiments  which 
indicate  that  the  agreement  between  model  results  and  inathematio&l  pre- 
dictions is  very  good  indeed.  At  the  Institute  of  Geophysics  leohnical 
Conference,  UCLA,  November  4 and  5,  1953,  scientists  from  the  Shell  and 
Standard  oil  companies  described  work  with  ultrasonic  models  at  their 
laboratories#  The  Stanolind  experiment  represented  a direot  oheok  of  the 

i 

Pekeris  liquid— over-liquid  theory;  the  record  from  the  model  was  nearly 
identical  with  the  theoretically  predicted  wave  complex,  even  minor  details 
being  reproduced#  The  Shell  model  consisted  of  a shallow  water  layer  over 
wv>uOi  o wo  • Hero  only  group  tc  locity  curves  were  shown  but  again  the  experi- 
mental points  fell  exactly  on  the  theoretical  plots#  In  view  of  the 
remarkable  confirmation  of  normal-mode  theories  by  model  results  for  two 
simple  configurations,  it  is  felt  that  an  ultresonio  model  oan  be  used  to 
predict  sound  propagation  for  oases  whioh  oan  not  now  be  treated  theo- 
retically# 

Although  the  overall  possibilities  of  aiding  field  operations  with  model 
expur iments  are  good,  there  are  several  forseeable  difficulties  that  should 
be  mentioned#  First,  a model  to  represent  an  extended  shallow  water  area 
on  a scale  of  a thousand  to  one  would  be  impracticably  large#  Second,  in 
the  3ame  vein,  a model  onoe  constructed  would  not  likely  be  flexible  and  a 
new  model  would  have  to  be  constructed  to  represent  a new  situation#  This 
would  not  limit  the  associated  equipment  whioh  could  u*  used  with  all  medals 
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In  any  case,  models  would  not  be  expected  to  be  expensive*  Third,  there 
would  be  little  chance  of  scaling  the  sound  source  and  detector,  although, 
if  the  Shell  and  Stanolind  results  are  typical,  oversized  sources  and 
deteotors  would  introduce  no  error*  Finally*,  it  is  not  now  known  how 
dete.lle  of  the  bottom  affect  shallow  water  sound  propagation.  It  certainly 
would  not  be  easy  to  represent  small  bottom  features  in  the  model.  The 
question  of  attenuation  of  sound  in  certain  bottoms  may  be  considered; 
however,  nothing  can  be  said  at  present,  since  the  absorption  properties  of 
bottom  materials  are  unknown* 
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Resonant  Frequencies  in  Shallow  Water  Sound  Propagation  and  Other 
Suggestions  Concerning  the  Shallow  Water  Program 

Ey 

Ivan  Tolstoy 

I.  The  Normal  Mode  Theory  of  Sound  Propagation 

The  normal  mode  theory  of  sound  propagation  in  layered  liquids 
is  an  extension  of  the  concept  of  normal  modes  of  vibration  in  enclosed 
spaces  (standing  waves)  to  the  case  of  spaces  that  are  unbounded  in 
some  direction  or  set  of  directions  (traveling  waves) . To  use  an 
analogy  due  to  Pekeris  a fluid-filled  parallelepiped  such  as  a room 
full  of  air  is  characterized  by  an  infinite  set  of  well  defined 
characteristic  acoustical  frequencies.  If  the  walls  of  this  room 
be  expanded  indefinitely,  we  have  a space  of  infinite  extent  in  all 
horizontal  directions  bounded  by  two  horizontal  planes  (floor  and 
ceiling) . This  space  is  still  characterized  by  an  infinity  of 
characteristic  frequencies  or  modes  which  are  now  propagating  modes. 

In  other  words,  the  energy  radiated  by  a source  within  the  prescribed 
boundaries  is  no  longer  constricted  to  remain  within  a given  volume, 
but  will  travel  outwards  to  infinity  and  dissipate  itself  in  all 
horizontal  directions. 

Ilx.  The  Perfect  Acoustical  Wave  Guide 

If  this  fluid  layer  is  bounded  by  perfectly  reflecting  media, 
i.e.  if  the  wall  and  ceiling  of  our  expanded  room  are  infinitely 
rigid,  all  of  the  energy  produced  by  a source  of  sound  in  it  remains 
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within  it,  and  we  have  the  so  called  perfect  acoustic  wave-guide. 

The  propagation  of  this  acoustical  energy  is  dispersive,  i.e.  the 
velocity  of  propagation  depends  upon  the  frequency,  and  one  must 
distinguish  between  phase  velocity  and  group  velocity.  The  phase 
velocity  may  be  defined  as  the  instantaneous  velocity  of  a point  of 
given  phase  in  the  horizontal  direction  (such  as  a wave  crest) . The 
group  velocity  is  the  velocity  with  which  energy  propagates  in  this 
direction.  Each  normal  mode  of  propagation  is  characterized  by  Its 
own  set  of  phase  and  group  velocity  curves  (Pig  1.). 


Figure  1 Dispersion  Curves  for  Perfect  Wave  Guide 

2ft 

k = > > X being  the  wave  length,  k is  the  wave  number 
C]_  is  the  speed  of  sound  in  the  layer 
c is  the  phase  velocity  along  the  layer 
U is  the  group  velocity 
h is  the  thickness  of  the  layer 
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In  this  perfect  wave  guide,  the  group  velocity  tends  to  zero  for 
infinitely  long  wave  lengths,  and  the  phase  velocity  tends  to  infin- 
ity. This  corresponds  to  normal  incidence,  i.e.  to  waves  bouncing 
back  and  forth  normally  from  the  two  walls.  Since  no  energy  travels 
laterally  under  these  conditions  the  group  velocity  is  zero. 

III.  The  Imperfect  Acoustical  Wave  Guide 

Pekeris  has  dealt  extensively  with  the  case  in  which  the  fluid 
layer  overlies  a fluid  body  of  higher  sound  velocity,  the  upper 
surface  of  the  layer  being  free.  His  well  known  work  on  the  subject 
was  intended  to  represent  a layer  of  water  over  unconsolidated  or 
semi-consolidated  sediments.  In  this  case,  if  a point  source  be 
located  within  the  layer,  only  the  energy  in  a certain  solid  angle 
(corresponding  to  angles  of  incidence  greater  than  the  critical 
angle  at  the  bottom)  remains  trapped  inside  the  layer.  The  rest  is 
leaked  off  since  upon  each  reflection  at  this  lower  boundary  a certain 
fraction  of  the  incident  energy  gets  transmitted  and  lost  into  the 
underlying  medium.  At  large  distances  from  the  source,  the  recorded 
disturbance  is  thus  due  almost  exclusively  to  the  energy  contained 
within  the  cone  of  total  reflection:  this  corresponds  to  the  undamped 
normal  modes  of  propagation. 

Since  only  part  of  the  energy  produced  by  a source  in  the  layer 
remains  completely  trapped  within  it,  this  situation  may  be  called 
an  imperfect  wave  guide. 
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The  existence  of  a critical  angle  corresponds  to  a cut  off  for 
long  wave  lengths.  Wave  lengths  greater  than  these  are  attenuated 
because  they  correspond  to  angles  of  incidence  less  than  critical. 

For  water  50  feet  deep  and  a sediment  velocity  of  6000  ft/sec  the 
corresponding  low  frequency  cut-off  for  the  fundamental  mode  would 
be  of  the  order  of  45  cps .. 

It  is  clear  that  normal  incidence  cannot  be  attained  without 
resulting  in  attenuation  of  the  propagating  wave  system,  so  that  a 
zero  group  velocity  is  never  achieved.  The  group  and  phase  velocity 
curves  for  the  first  mode  are  sketched  in  Fig  2.  As  in  the  perfect 
wave  guide,  the  group  and  phase  velocities  tend  to  the  speed  of  sound 
in  the  water-layer  for  high  frequencies  (large  kh) . For  decreasing 
k,  the  group  velocity  U starts  downwards,  reaches  a minimum,  and 
then  starts  up  again  until  it  reaches  the  cut-off  corresponding  to 
c = 0 = eg  (this  point  corresponds  to  the  ground  wave  or  so  called 
"refracted  wave") . 


* 

h is  the  thickness  of  water  layer 

ci  is  the  speed  of  sound  in  water 

C2  is  the  speed  of  sound  in  tho  sedimentary  bottom 

c is  the  phase  velocity 

U is  the  group  velocity 
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This  minimum  group  velocity  has  been  called  the  Airv  phase.  The 
higher  modes  of  propagation  are  also  characterized  by  Airy  phases. 

When  the  high  velocity  sediment  underlying  the  water  is  itself 
compounded  of  layers  of  different  acoustical  properties,  the  group 
velocity  curves  ere  more  complies t od  in  chsrscter  and  each  mode  will 
in  general  be  characterized  by  several  minima  and  maxima  (which  we 
may  still  call  Airy  phases)  . The  values  of  the  group  and  phase 
velocities,  as  well  as  the  frequencies  corresponding  to  these  Airy 
phases,  depend  upon  all  the  parameters  involved  (thickness,  sound 
velocities  and  densities) • 


IV.  Pronertj 


of  the  Airy  phase 


The  best  known  phenomenon  associated  with  the  Airy  phase,  one 
that  has  been  pointed  out  and  investigated  by  a number  of  authors  in 


the  scientific  literature  is  its  seled 


n if  an  impulsive 


point  source  be  used  to  excite  the  medium,  the  frequencies  associated 
with  the  vicinity  of  the  Airy  phase  arrive  last  and  form  a prominent 
wave  packet  that  becomes  one  of  the  outstanding  features  on  any  re- 
cord made  at  a sufficient  distance  from  -Hhe  source.  In  other  words, 
if  the  water-sediment  acoustical  system  be  likened  to  a filter,  the 
Airy  phase  frequency  corresponds  to  a resonant  frequency  of  the 
filter.  This  feature  has  received  abundant  experimental  verification 
both  in  shallow  water  explosion  work  and  in  earthquake  studies. 
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This  filter  analogy  suggests  a second  property  of  the  Airy 
phase  frequency  which  can  be  verified  mathematically:  if  the  frequen- 
cy of  a simple  harmonic  source  in  the  medium  be  varied  continuously, 
maximum  excitation  amplitudes  will  be  obtained  near  the  Airy  phase 
frequency,  exactly  as  in  the  case  of  a filter,  the  lowest  impedance 


is  secured  for  a resonant 


\ This  phenomenon  does  not 


appear  to  have  been  investigated  experimentally.  It  gets  more 
pronounced  as  the  sound  velocity  C2  of  the  bottom  increases. 

In  Fig  2,  we  have  made  a rough  sketch  of  the  amplitude  at  a 
given  range  as  a function  of  the  k at  the  source  k = -r^s  , 

f being  the  frequency  in  cps  . Figures  3 and  4 give  the  relative 
pressure  amplitudes  for  a constant  power  simple  harmonic  point 
source  as  a function  of  source  frequency. 


These  two  important  properties  of  the  Airy  phase  suggest 
several  practical  applications: 

1.  In  constant  frequency  work,  it  should  be  possible  to  exploit 
the  relatively  higher  excitation  amplitudes  near  the  Airy  phase 
frequency  for  low  frequency  ranging  purposes.  By  using  this 
frequency  in  a given  location  one  should  be  able  to: 

a)  increase  the  effective  ranging  distance 

b)  secure  greater  legibility  of  records  at  shorter  ranges 
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As  mentioned  above  this  phenomenon  should  be  most  striking  for 
high  speed  bottoms. 

We  believe  that  the  investigation  of  this  effect  should  be 
included  as  soon  as  possible  in  our  shallow  water  program.  This 
would  of  course  necessitate  the  use  of  continuously  variable  frequen- 
cy sound  sources  covering  a broad  range  (30  to  300  cps)  . 

2.  In  other  types  of  shallow  water  work  s’  ci  as  the  detection 
of  ship  noises  it  might  prove  useful  to  he  alj.e  to  peak  listen- 
ing devices  at  the  Airy  frequency  proper  to  a given  location. 

In  any  event  it  clearly  emphasizes  caution  in  interpreting 
relative  strengths  of  spectral  lines  in  different  oceanographic 
regions.  As  an  example  low  frequencies  below  the  cut  off 
frequency  for  the  two  layered  case  may  propagate  as  undamped 
modes  in  a multi-layered  case.  A hydrophone  about  half-way 
down  the  2nd  layer  might  be  more  sensitive  to  these  frequencies. 

3.  The  frequency,  phase  and  group  velocities  of  the  Airy  phase 
depend  upon  the  water  depth,  densities  and  sound  velocities  of 
the  various  layers  involved. 

An  earlier  memorandum  points  out  the  importance  of  determining 

♦ 

sedimentary  thicknesses  and  velocities  in  connection  with  any  compre- 
hensive low  frequency  shallow  water  program.  It  was  stated  therein 
that  the  most  efficient  method  of  determining  these  quantities  would 


be  to  institute  a refraction  profile  sub-program  as  part  of  our 
shallow  water  investigations.  A simultaneous  investigation  of  the 
Airy  phase  produced  by  explosions  (which  incidentally,  would  not 
involve  the  use  of  any  additional  equipment)  would  prov!4e: 

a)  an  independent  check  upon  the  refraction  data 

b)  an  estimate  of  the  sedimentary  densities,  resulting  in 

an  unambiguous  determination  of  bottom  reflectivity 

c)  a direct  measure  of  the  optimum  frequency  (in  the  sense 

of  paragraphs  V 1 and  2)  and  of  the  associated  group  velocity. 

VI.  Numerical  Program 

The  interpretation  and  most  efficient  application  of  the  above 
principles  (especially  V paragraph  3)  would  be  contingent  upon 
the  calculation  of  tables  describing  the  dispersive  properties  of 
most  two,  three  and  four  layer  cases  likely  to  be  encountered  in 
the  field.  These  computations  are  perfectly  straightforward  and 
routine  but  quite  lengthy.  A several  months  long  computing  program 
is  thus  urgently  needed  to  complement  our  understanding  of  low  fre- 
quency sound  propagation  in  shallow  water. 
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NORMAL  MODE  PRESSURE  AMPLITUDE  POT i,  PHASE 
AHO  GROUP  VELOCITIES  (c,U)  AS  FUNCTIONS  OF 
FREQUENCY  FOR  A SIMPLE  HARMONIC  POINT  SOURCE 
OF  CONSTANT  POWER  OUTPUT 

SPEED  OF  SOUND  IN  WATER:  c,  * SOGO  f t/s«c  p 
DENSITY  OF  WATER:  P| 

\ DEPTH  OF  WATER: 90ft 

— SPEED  OF  SOUND  IN  SE01MENT*  *a«  !.2cf -.0 

DENSITY:  p . Zp  j 
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NORMAL  MODE  PRESSURE  AMPLITUDE  P'f)  AS  A FUNC- 
TION OF  FREQUENCY  FOR  CONSTANT  POWTR  SIMPLE 
HARMONIC  POINT  SOURCE  IN  50  ft  OF  WATER  (c,«  8000 
OVER  U?»  CONSOLIDATED  SEDIMENT  (c2>  6000  ft  t«c) 
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THE  U3E  OF  THE 

'••-SURFACE  SOUND  CHANNEL  IN  SHALLOW  WATER  LISTENING 

by 

R.  A<.  Frosoh 
INTRODUCTION 

It  may  be  possible  to  utilize  the  surface  sound  channel, 
when  it  exists,  to  improve  the  performance  of  systems  for  the 
passive  and  active  detection  of  submarines  and  ships  in  shal- 
low and  moderate  depth  water.  As  will  be  seen  below,  such  a 
system  would  require  considerable  flexibility  of  frequency  of 
operation,  and  for  greatest  efficiency  would  require  frequent 
collection  of  hydrographic  information  In  the  operational  wa- 
ters. 

Surface  Sound  Channel  Transmission 

In  winter  in  many  localities  (e.g.,  New  York  Bight),  the 
customary  heavy  weather  and  high  winds  produce  mixing  of  the 
surface  water*  This  mixing  may  frequently  extend  to  a depth 
of  several  hundred  feet  or  to  the  bottom  in  regions  of  moder- 
ate depth.  Such  a mixed  layer  has  a sound  velocity  which  In- 
creases with  depth  due  to  the  increase  of  pressure  with  depth* 
The  gradient  is  of  the  order  of  .02/seo*  In  such  a region  sound 
of  appropriate  frequencies  is  propagated  with  negligible  leak- 
age from  the  duct. 
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VoorhlB  of  Woods  Hole  Oceanographlo  Institution^'  has  pre- 
sented an  analysis  of  this  effect  based  on  a variety  of  sources. 
He  gives  curves  for  the  attenuation  of  sound  due  to  leakage  from 
the  surface  duct:  for  example,  1 ko  sound  traveling  in  a sur- 

face isothermal  duct  150  to  200  feet  deep  would  have  a leakage 
attenuation  of  .1  db/klloyard.  The  exact  isothermal  duct  depth 
corresponding  to  this  leakage  depends  on  the  precise  thermocline 
conditions  below  the  isothermal  layer.  The  actual  attenuation 
of  the  sound  in  such  a duct  is  determined,  in  addition  to  the 
leakage  effect,  by  two  other  factors:  scattering  from  the  sur 

face  and  real  volume  absorption  of  the  sound. 

The  effect  of  scattering  from  the  surface  is  difficult  to 
ee.tlmate  precisely.  hut  would  probably  be  relatively  minor  for 
reasonably  low  frequencies  («c  several  ko)  and  deep  channels 
(>50  fe8t).  This  effect  would  depend  of  oourse  on  sea  and 
swell  state,  and  oould  be  investigated. 

Absorption  of  sound  in  the  region  of  frequency  up  to  20  ko 
can  be  approximately  represented  by  the  formula 


.01  f2  db/kyd 


with  f in  kc.  Combination  of  this  absorption  with  the 
leakage  attenuation,  using  duct  thickness  as  a parameter,  pro- 
duces curves  of  attenuation  vs  frequency  for  each  transmission 
mode  which  have  pronounoed  minima  (see  Table  I).  The  existence 
of  the  Be  minima  has  been  verified  by  Officer  of  WH0I^\ 
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The  effect  of  ocean  bottom  closely  underlying  an  isothermal 
duct  would  be  to  increase  the  sound  intensity  in  the  duct,  due 
to  partial  reflection  of  sound  from  the  bottom. 

Use  of  the  Duct  Transmission 

Suitable  choice  of  frequency  for  particular  oondltlons  of 
water  might  well  lead  to  good  active  and  passive  ranges,  par- 
ticularly if  used  with  suitable  filters.  In  the  passive  case, 
for  example,  it  might  ba  well  to  listen  through  filters  whose 
shapes  were  the  inverse  of  the  duct  attenuation  curves. 


* f 

i 4r  ' Seasonal  Effects 


Efficient  :’se  of  these  ducts  would  require  constant  knowl- 
edge of  an  adjustment  for  the  particular  conditions  prevailing 
at  the  time  of  use.  In  general  this  transmission  would  be  ef- 
ficient only  during  the  winter  months  when  the  isothermal  lay- 
ers and  positive  sound  velocity  gradients  exist.  At  other  times 
of  the  year,  and  particularly  during  the  summer, the  gradients 
may  be  negative.  Under  these  conditions  transmission  would 
be  expected  to  be  very  poor  as  the  sound  would  be  funneled  into 
the  bottom  by  the  velocity  structure  of  the  water.  Tfc  ^ is 
probably  the  explanation  of  the  seasonal  variability  of  per- 
formance of  the  prewar  Coast  Artillery  binaural  ranging  ata- 

(4  5 ) 

tion  at  Sea  Bright,  New  Jersey.  * <- 
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TABLE  1 


1. 


Duct  Thickness 

Frequency  of  min. 
attenuation 

Attenuation  at 
min. 

50  ft 

6300  cps 

0.54  db/kyd 

100  ft 

2800  cps 

0.09  db/kyd 

200  ft 

1200  cps 

0.015  db/kyd 
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